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High  productivity  and  enzyme  stability  are  desirable  characteristics  of bioprocesses  for  production
of  the (hemi)  cellulolytic  enzymes  needed  for biomass  conversion.  This  paper  reports  a comparative
study  of  different  cultivation  systems,  investigating  production  efﬁciency  and  the  thermostability  of  the
(hemi)  cellulolytic  enzymatic  cocktails.  A selected  strain  of  Aspergillus  niger  was  cultivated  using  a  novel
sequential  fermentation  (SF)  technique  as well  as  the  conventional  submerged  (SmF)  and  solid-state
fermentation  (SSF)  methods.  Enzyme  production  and  thermostability  were  evaluated  considering  the
effects of  pretreatment  (using  steam-explosion  and  liquid  hot  water)  of  the  sugarcane  bagasse  used  as
carbon  source  and inducer.  For  endoglucanase  and  xylanase  enzymes,  cultivation  under SSF  favored  pro-
duction  when  using  washed  steam-exploded  bagasse  and  liquid  hot  water-pretreated  bagasse  as  the
solid  substrates.  However,  removal  of inhibitors  from  the  pretreated  biomass  employed  in  the  cultiva-
tion  media  was  necessary,  because  the presence  of  phenolic  compounds  restricted  fungal  growth.  It was
concluded  that  the  cultivation  conditions  should  be conducted  in  conjunction  with  characterization  oftability the thermostability  of  the  enzymes,  due  to the  inverse  relation  that  can  exist  between  these  two  pro-
cess  criteria.  The  ﬁndings  revealed  that  endoglucanase  and  -glucosidase  produced  under  SSF  were  less
prone  to  deactivation  by  the  phenolics  in the  medium.  The  residual  activities  of such enzymes  after  24 h  of
incubation  at  50 ◦C were  between  80 and  100%, indicating  that  they  are  highly  thermostable.  The  results
emphasize  the  potential  of SSF  for  the production  of (hemi)  cellulolytic  enzymes  that  are  more  stable.
©  2015  Elsevier  Ltd. All  rights  reserved.. Introduction
Commercial production of ethanol by enzymatic hydrolysis of
he polysaccharides from lignocellulosic biomass is already becom-
ng a reality, with announcement of the ﬁrst large-scale industrial
lants [1]. Nevertheless, the supply of enzymes is still a key issue
n industrial biomass conversion, as the complete hydrolysis of
ellulose is a lengthy process that requires substantial cellulase
oadings [2]. The major limitation in application of the enzymatic
oute for the breakdown of cellulose remains the high cost of
he enzymes [3]. On-site production of (hemi) cellulolytic enzy-
atic cocktails is an attractive way of decreasing production costs
nd enables locally-available lignocellulosic biomass to be used
s the carbon source for microorganism cultivation [2,4]. How-
∗ Corresponding author at: Embrapa Instrumentation, Rua XV de Novembro 1452,
3560-970, São Carlos, SP, Brazil. Fax: +55 16 2107 2902.
E-mail address: cristiane.farinas@embrapa.br (C.S. Farinas).
ttp://dx.doi.org/10.1016/j.procbio.2015.07.011
359-5113/© 2015 Elsevier Ltd. All rights reserved.ever, the development of on-site enzyme production processes
requires efﬁcient microbial cultivation conditions that provide
high enzymatic yields, as well as consideration of the character-
istics of the enzymes, especially in terms of their thermostability
[5]. Thermostable enzymes have several potential advantages in
the hydrolysis of lignocellulosic materials: higher speciﬁc activity
(which decreases the amount of enzyme needed), higher stabil-
ity (enabling prolonged hydrolysis times), and greater ﬂexibility of
process conﬁgurations [6].
The cultivation methods that have been used for (hemi) cellu-
lolytic enzyme production include submerged fermentation (SmF)
and solid-state fermentation (SSF) [4,7–11]. Each of these systems
has its advantages and disadvantages in terms of environmental
and operational conditions. Although most industrial enzyme pro-
duction processes have employed SmF, the use of SSF is increasing
and a number of studies have described the use of this technique
to produce the enzymes required for biomass deconstruction. In
recent work by Cunha et al. [12], a novel cultivation methodology
was proposed that combines the advantages of the two conven-
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ional cultivation processes (SmF and SSF). The new technique,
alled sequential fermentation (SF), is based on the use of a lig-
ocellulosic material (such as sugarcane bagasse) as the inducer
ubstrate for pre-culture preparation, employing an initial SSF step
ollowed by a transition to SmF. The SF methodology was shown to
e a very promising alternative strategy for enzyme production.
Among the lignocellulosic materials that can be used for ethanol
roduction and as carbon source for enzyme production, sugarcane
agasse is especially attractive in Brazil, where it is readily available
n large amounts at the sugarcane mills [13]. Another important
otivation for using sugarcane bagasse as the carbon source and
nducer for (hemi) cellulolytic enzyme production is the possibil-
ty of obtaining an enzymatic cocktail that provides more effective
egradation of this speciﬁc lignocellulosic material. Nevertheless,
t has also been shown that the sugarcane bagasse used for this
urpose requires a pretreatment step in order to facilitate its assim-
lation by the fungi [11]. It is therefore necessary to consider the
hoice of pretreatment technology, because the pretreatment can
lter the chemical bonds and structures of the plant cell wall com-
onents, and the substances released can inhibit the biochemical
eactions that take place during subsequent microbial cultivation
14,15].
Different biomass pretreatment technologies employing either
hysical or chemical methods have been investigated and the fun-
amentals, advantages and disadvantages of each pretreatment
echnique have been deeply discussed in several review arti-
les [14–19]. Nevertheless, hydrothermal pretreatments have been
onsidered as advantageous, cost-effective as well as environmen-
ally friendly pretreatment processes [16] and have generally been
referred for sugarcane bagasse [20,21]. In the steam explosion pro-
ess, the biomass is exposed to pressurized steam, followed by a
apid depressurization, while in the liquid hot water pretreatment
he biomass is exposed to pressurized hot water [15,20]. Although
oth processes are able to extract the more soluble polymers
nd contribute to removal of the hemicellulose fraction from the
iomass, the amounts and characteristics of the resulting ﬁbers and
nhibitory products can vary. Phenolic compounds (including lignin
egradation products) generated during biomass pretreatment can
ause inhibition and deactivation of cellulolytic enzymes [22–24].
revious studies of lignocellulosic biomass hydrolysis have indi-
ated that washing and ﬁltration of liquid hot water-pretreated
iomass can improve the enzymatic digestibility of cellulose, by
emoving inhibitors [25]. However, to the best of our knowledge
here have been no studies concerning the effects of phenolic com-
ounds (which are released during the pretreatment of sugarcane
agasse) on enzyme production during fungal cultivation. Further-
ore, in addition to identifying cultivation conditions that provide
igher productivity, it is also of industrial relevance to obtain enzy-
atic cocktails that show high thermostability.
The aim of the present work was to carry out a comparative
tudy of different cultivation systems, considering production efﬁ-
iency and the thermostability of the resulting (hemi) cellulolytic
nzymatic cocktails. A selected strain of Aspergillus niger was  culti-
ated using the novel SF technique as well as the conventional SmF
nd SSF methods. Evaluation was made of the effects of sugarcane
agasse pretreatment (using steam explosion or liquid hot water)
nd phenolics content on enzyme production and thermostability.
. Materials and methods
.1. MicroorganismThe A. niger 3T5B8 strain was obtained from the Embrapa Food
echnology collection (Rio de Janeiro, Brazil) [26]. The strain was
ept at −18 ◦C, and was activated by incubation in slants of potatoemistry 50 (2015) 1701–1709
dextrose agar medium for 4 days at 32 ◦C. Suspensions of spores
were prepared by the addition of 10 mL  of Tween 80 (0.3%, v/v),
and the spore concentrations were determined using a Neubauer
chamber.
2.2. Substrate
The inducer substrate used was pretreated sugarcane bagasse.
Steam explosion-pretreated sugarcane bagasse (SEB) was pro-
vided by CTC (Piracicaba, Brazil). The pretreatment was  conducted
at 17 × 105 Pa and 205 ◦C for 20 min. The exploded bagasse was
washed with warm water (50–60 ◦C) until neutral pH and then
dried at room temperature in order to achieve a moisture content
<10% (the resulting material is here denoted SEBw). The liquid hot
water-pretreated bagasse (LHWB) was  prepared in a 5 L reactor
(Model 4580, Parr Instruments) using a 10% solids loading and a
temperature of 195 ◦C for 10 min. Heat up and cool down times
were 75 and 30 min, respectively. The same washing procedure
used for SEBw was employed for the hydrothermally-pretreated
bagasse. The sugarcane bagasse samples were subsequently milled
and sieved, and the particle size selected was 1.0 ≤dp ≤2.0 mm.  The
pretreated materials were dried at 40 ◦C and then stored prior to
use. Chemical characterization was  performed as described previ-
ously [27]. The physical structures of the bagasse samples were
analyzed by scanning electron microscopy (SEM), using a JEOL
Model JSM-6510 microscope equipped with a secondary electron
detector (SEI) and operated at 15 kV. For these analyses, the sam-
ples were attached to aluminum stubs using carbon tape, and then
coated with gold (Leica Sputter Coater — SCD050 coating system).
2.3. Solid-state fermentation
The solid-state fermentation (SSF) cultivations were carried
out in 500 mL  Erlenmeyer ﬂasks containing 5 g of dry pretreated
sugarcane bagasse, with the humidity adjusted to 70% (w/v) by
addition of a nutrient medium adapted from [28]. The composi-
tion of the medium (% w/v) was as follows: 0.14% (NH4)2SO4, 0.20%
KH2PO4, 0.03% CaCl2, 0.02% MgSO4.7H2O, 0.50% peptone, 0.20%
yeast extract, 0.03% urea, 0.10% Tween 80, and 0.10% of salt solution
(5 mg/L FeSO4.7H2O, 1.6 mg/L MnSO4·H2O, 1.4 mg/L ZnSO4·7H2O,
and 2.0 mg/L CoCl2). A concentration of 107 spores/g of dry bagasse
was added, and the cultivations were conducted under static condi-
tions at 32 ◦C for 72 h. The enzymes were extracted by the addition
of 1:10 (w/v) 50 mM sodium acetate buffer solution (pH 4.8), with
120 rpm agitation at 32 ◦C for 40 min. The ﬁnal enzymatic extracts
were vacuum-ﬁltered, centrifuged at 11,000 rpm for 15 min  at 4 ◦C,
and kept frozen at −18 ◦C prior to the analytical assays. All cultiva-
tion experiments were carried out in triplicate, and the data were
calculated as means ± standard deviations.
2.4. Submerged fermentation (SmF)
In the conventional submerged fermentation process, the pre-
culture was initiated with a conidial suspension of 107 spores/mL,
which was transferred to Erlenmeyer ﬂasks containing 200 mL  of
nutrient medium (adapted from [28] and enriched with 30 g/L of
glucose). The incubation was  carried out for 48 h at 32 ◦C, with stir-
ring at 200 rpm. A volume of pre-culture suspension corresponding
to 10% (v/v) was  transferred to the culture medium and supple-
mented with 10 g/L of glucose and 1% (w/v) of pretreated sugarcane
bagasse. The cultivations were performed for 72 h at 32 ◦C and
200 rpm. The cultivation broth was  then ﬁltered, centrifuged at
11,000 rpm for 15 min  at 4 ◦C, and the crude enzymatic extract was
stored at −18 ◦C prior to further analysis. All the cultivation exper-
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Table  1
Enzymatic activity (IU/L) and total protein (mg/L) produced by A. niger after cultivation for 72 h under different cultivation systems. Results are presented as means ± standard
deviations.
Cultivation method Carbon source Total protein (mg/L) Endoglucanase (IU/L) -glucosidase Xylanase
SSF SEB 72.1 ± 1.3 B,C 0 F 0 E 0 E
SEBw 48.3 ± 1.4 C 3039.4 ± 29.4 A 2159.4 ± 442.6 D 23553.5 ± 770.2 A
LHWB 21.1 ± 3.4 D 2431.1 ± 122.5 B 1948.5 ± 640.5 D 20350.7 ± 1358.6 B
SmF SEB 145.9 ± 18.2 A 908.7 ± 22.8 C 7438.9 ± 89.4 A 4419.4 ± 244.5 C
SEBw 52.3 ± 2.6 C 565.3 ± 41.1 E 5000.0 ± 383.0 C 4874.6 ± 310.4 C
LHWB 94.8 ± 15.6 B 630.6 ± 31.1 DE 6046.3 ± 643.3 C 3517.3 ± 1.121.5 C
SF SEB 142.6 ± 4.8 A 750.6 ± 13.7 D 6817.1 ± 256.8 B 5048.4 ± 418.7 C
SEB 53.8 ± 5.2 C 531.3 ± 11.4 E 5051.4 ± 114.7 C 2880.1 ± 227.6 CD
M ent (T
i
a
2
i
t
m
e
a
t
a
w
d
4
r
t
a
f
−
w
±
2
m
c
m
o
o
r
c
b
p
p
t
k
c
m
u
c
(
l
n
f
7
aw
LHWB 91.5 ± 1.1 B
eans with different capital letters within the same column are signiﬁcantly differ
ments were performed in triplicate, and the data were calculated
s means ± standard deviations.
.5. Sequential fermentation (SF)
In the sequential cultivation method (SF), the pre-culture was
nitiated as solid-state fermentation (SSF), using 5 g of dry pre-
reated sugarcane bagasse as solid substrate. In the SSF step, the
oisture content was adjusted to 70% (w/v) by the addition of nutri-
nt medium. A concentration of 107 spores/g of dry bagasse was
dded, and the culture was maintained as SSF under static condi-
ions for 24 h at 32 ◦C. The pre-culture cultivation was continued
s SmF  after addition of a volume of nutrient medium enriched
ith 30 g/L of glucose (40 parts of nutrient medium per gram of
ry solid). The SmF  step was performed in an orbital shaker for
8 h at 32 ◦C and 200 rpm. A volume of pre-culture suspension cor-
esponding to 10% (v/v) was transferred to the culture medium, and
he cultivation for enzyme production was performed as described
bove. After 72 h, the broth was ﬁltered, centrifuged at 11,000 rpm
or 15 min  at 4 ◦C, and the crude enzymatic extract was stored at
18 ◦C prior to further analysis. All the cultivation experiments
ere carried out in triplicate, and the data were calculated as means
 standard deviations.
.6. Analytical methods
Endoglucanase activity was assayed according to the standard
ethod proposed by Ghose [29], in the presence of carboxymethyl
ellulose (Sigma, USA). Xylanase activity was determined by the
ethod described by Bailey and Poutanen [30], in the presence
f beechwood xylan (Sigma, USA). One unit of endoglucanase
r xylanase activity was deﬁned as the amount of enzyme that
eleased 1 mol  of reducing sugar per minute, under the assay
onditions. The reducing sugar concentrations were determined
y the DNS method [31]. -glucosidase activity was assayed in the
resence of cellobiose (Sigma, USA), using the standard method
roposed by Ghose [29]. In the case of -glucosidase activity, quan-
iﬁcation of the glucose released was performed with an enzymatic
it for glucose measurement (Doles, Brazil). The total protein con-
entrations in the crude extracts were determined by the Bradford
ethod [32], using bovine serum as a standard. The protein molec-
lar mass proﬁles were evaluated by SDS-PAGE electrophoresis
onducted under denaturing conditions as described by [33]. Gels
12%) were stained with Coomassie Blue. Samples (4 L) were
oaded at the same total protein concentration (0.40 mg/mL). Phe-
olic compounds were assayed by the Prussian blue method [34]
ollowing the procedure described in [23], where the absorbance at
00 nm was measured at room temperature after 5 min, with gallic
cid as a standard.499.1 ± 14.0 E 5422.9 ± 202.0 C 1005.5 ± 87.8 D
ukey’s test, p < 0.05).
2.7. Enzyme stability and inactivation
The thermal stabilities of endoglucanase, -glucosidase, and
xylanase were evaluated by measuring the residual enzymatic
activity after incubation of the crude supernatant at 50 ◦C for a
total period of 24 h. Sampling was  performed after time intervals
of 10 min  and 2, 4, 6, 12, and 24 h. At the end of the incubation
period, the test tubes containing the enzymes were immediately
cooled by placing them on ice. Measurement of enzymatic activity
was performed under standard conditions (pH 4.8 and temperature
of 50 ◦C). All the experiments were carried out in triplicate, and the
data were calculated as means ± standard deviations.
The single-step non-ﬁrst-order model proposed by Sadana and
Henley [35] was  ﬁtted to the experimental data. This model con-
siders that a single-step inactivation leads to a ﬁnal state with a
residual activity that is very stable (the protein shows no further
unfolding and/or inactivation). The model can be described by the
expression:
A
Ao
= (1 − ˛) × e−k×t + ˛, (1)
where A/Ao is the dimensionless activity,  ˛ is the ratio between
the speciﬁc activities of the ﬁnal and initial states, and k is the
ﬁrst order deactivation rate constant (time−1). The parameter k
describes the unfolding (or inactivation) process, and the param-
eter  reﬂects the long-term level of activity [35]. The biocatalyst
half-life was then calculated using the ﬁtted model.
2.8. Data and statistical analysis
All the experimental steps were carried out in triplicate, and
the results were calculated as means ± standard deviations. The
mean values were analyzed statistically using Tukey’s test with a
conﬁdence level of 95% (Origin 8.0 software).
3. Results and discussion
3.1. Inﬂuence of the cultivation system on enzymatic production
Evaluation was made of the inﬂuence of the cultivation method
(SSF, SmF, or SF) and the type of pretreated sugarcane bagasse (SEB,
SEBw, or LHWB) used as carbon source and inducer for the produc-
tion of endoglucanase, -glucosidase, and xylanase enzymes by the
A. niger 3T5B8 strain (Table 1). It was found that A. niger could grow
and produce enzymes under most of the different systems evalu-
ated, with the exception of the cultivation using SSF with SEB (no
growth was  observed for this condition).In the case of the endoglucanase enzymes, higher values were
achieved for SSF cultivation. For example, endoglucanase activity
of up to 3039.4 IU/L was  achieved using SEBw as the SSF substrate.
This value was  more than 5 times higher than achieved for SmF
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Table 2
Chemical composition of the pretreated sugarcane bagasse samples (relative %,
w/w). Results are presented as means ± standard deviations.
Cellulose Hemicellulose Lignin
SEB 46.6 ± 1.7 12.5 ± 0.7 35.1 ± 0.1
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Fig. 1. Speciﬁc activities of (a) endoglucanase, (b) -glucosidase, and (c) xylanase in
the (hemi) cellulolytic complex from A. niger cultivated under SSF, SmF, and SF, using
tity of phenolics was  usually associated with lower amounts ofSEBw 61.5 ± 0.6 4.5 ± 0.8 32.0 ± 0.1
LHWB 65.8 ± 1.5 3.7 ± 0.6 30.1 ± 1.3
nd SF liquid cultivations with the same substrate. Nevertheless,
he use of unwashed exploded bagasse (SEB) as substrate under
SF did not result in any enzymatic production, due to the lack
f microbial growth mentioned previously. For the -glucosidase
nzymes, production was favored under the liquid cultivation
ystems (SmF and SF). The use of SEB as substrate for SmF  cul-
ivation resulted in the highest -glucosidase value (7438.9 IU/L),
ollowed by SF cultivation using the same substrate (6817.1 IU/L).
he xylanase activity showed the same behavior observed for
ndoglucanase, with higher values achieved for SSF cultivation. The
ighest xylanase activity was achieved using SSF with SEBw as sub-
trate (23,553.1 IU/L), followed by SSF with LHWB (20,350.7 IU/L).
hese values were more than 5 times higher than found for the
iquid SmF  and SF cultivations.
Overall, production of both endoglucanase and xylanase
nzymes was favored by SSF cultivation, using SEBw or LHWB as
olid substrate. On the other hand, -glucosidase production was
avored when cultivation was carried out in a liquid medium (the
est results were achieved with SmF, followed by SF). The same
rend was observed when the results were analyzed in terms of the
peciﬁc activity obtained for each enzyme (Fig. 1). This provided
urther evidence of the superior performance of SSF for endoglu-
anase and xylanase synthesis (Fig.1a and c), and the greater
ynthesis of -glucosidase using the liquid cultivation systems
Fig. 1b).
In order to investigate possible factors leading to the divergent
nzymatic production under the different cultivation systems, the
ompositions of the pretreated sugarcane samples were analyzed
Table 2). It was found that the washing step used for SEBw and
HWB resulted in removal of the soluble fractions of hemicellulose
nd lignin from the solid material. In general, the compositions of
he washed pretreated sugarcane samples, in terms of the contents
f cellulose, hemicellulose, and lignin, did not differ signiﬁcantly for
he different pretreatment conditions employed. Therefore, other
hysical characteristics of these materials, such as porosity, might
ave contributed to the observed differences in enzyme produc-
ion among the cultivation methods used. In order to investigate
his possibility, the structural changes that occurred during the
retreatments were evaluated using scanning electron microscopy.
icrographs were obtained randomly for untreated and pretreated
ugarcane bagasse samples (Fig. 2). The untreated bagasse dis-
layed sections with predominantly smooth surfaces as well as
isrupted regions (Fig. 2a). Such cracks in the ﬁber structure could
e related to the previous industrial operations such as milling and
ashing [11]. After the pretreatment processes, there was  evidence
f a general increase in the porosity of the ﬁbers, which therefore
rovided a more accessible surface area for fungal development
Fig. 2b–d). It is likely that solubilization of the lignin and hemicellu-
ose fractions after pretreatment contributed to the exhibition of a
ore disorganized morphology appearance with greater exposure
f the microﬁbers. However, it was not possible to detect any obvi-
us differences among the pretreatments, in terms of the physical
haracteristics of the samples.
Another possible source of differences among the pretreated
ugarcane samples was the amount of phenolic substances released
uring the cultivation. Table 3 presents the concentrations of phe-
olics in the ﬁnal enzymatic extracts, for each cultivation conditiondifferent types of pretreated sugarcane bagasse (SEB, SEBw, and LHWB). Results are
presented as means ± standard deviations. Means with different capital letters are
signiﬁcantly different (Tukey’s test, p < 0.05).
tested. Analysis of the results revealed that there was  an inverse
relation between the phenolics concentration and the enzymatic
activity in the extracts from SSF. In other words, a higher quan-enzymes in the production medium. This also provided an explana-
tion for the observation that there was no growth of A. niger under
SSF when SEB was  used as carbon source, because the concentra-
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Mig. 2. SEM images of untreated sugarcane bagasse (a) and the pretreated bagasse t
icrograph.
ion of phenolics in this medium was over 20 times higher than
n the SSF extracts obtained using the substrates that had been
ubmitted to a washing step (SEBw and LHWB). Interestingly, the
rocedure used for washing the exploded bagasse was  very effec-
ive for the removal of phenolics, with an initial concentration of
.30 mg/mL  decreasing to 0.36 mg/mL  after washing, thus allow-
ng fungal growth and enzyme production under SSF. Phenolic
ompounds, which are generated from lignin degradation prod-
cts during biomass pretreatment, have been previously reported
o lead to both inhibition and deactivation of cellulolytic enzymes
able 3
oncentrations of phenolic compounds in the ﬁnal enzymatic extracts from the
ifferent cultivation systems. Results are presented as means ± standard deviations.
Cultivation method Carbon source Phenolic compounds (mg/L)
SSF SEB 7.30 ± 0.18 A
SEBw 0.36 ± 0.01 B
LHWB 0.31 ± 0.01 B,C
SmF SEB 0.05 ± 0.01 D
SEBw 0.02 ± 0.01 D
LHWB 0.11 ± 0.01 D
SF SEB 0.16 ± 0.01 CD
SEBw 0.01 ± 0.00 D
LHWB 0.25 ± 0.08 B,C
eans with different capital letters are signiﬁcantly different (Tukey’s test, p < 0.05).SEB (b), LHWB (c), and SEBw (d). Magniﬁcations and scale bars are provided in each
[22–24]. Here, it was  found that the inhibitory consequences of the
presence of phenolic compounds released after biomass pretreat-
ment also extended to hindering fungal growth in SSF.
The determination of the phenolics concentration in the
medium before fermentation was  also carried out and the values
were virtually the same as the ones in the ﬁnal extracts, thus cor-
roborating this ﬁnding. For instance, phenolics concentration of
0.27 ± 0.01, 0.09 ± 0.00 and 0.21 ± 0.02 mg/L were found in the ini-
tial enzymatic extracts from SSF, SmF  and SF, respectively, when
using LHWB pretreated sugarcane bagasse. These results indicate
that the phenolics compounds were initially present in the medium
mainly as a consequence of the solubilization of lignin degrada-
tion products from the materials used as carbon source. Li et al.
[36] investigated the inhibitory effect of vanillin, a kind of pheno-
lic derived from lignin degradation, on the activity of cellulase and
found that the inhibitory effect was dependent on vanillin concen-
tration. It was  observed no impact on cellulose hydrolysis at 1 g/L of
vanillin whereas when the vanillin concentration increased to 10
or 20 g/L, the negative impact was clear [36]. Therefore, it is plau-
sible that the concentration of phenolic compounds is also playing
an important role on the enzyme activities obtained in the different
cultivation systems.
Nevertheless, it is important to note that the cultivations car-
ried out in liquid media (SmF and SF) resulted in lower phenolics
concentrations in the enzymatic extracts, even when unwashed
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Table 4
Residual activities (RA) and half-lives (t1/2) of endoglucanase, -glucosidase, and xylanase, after 24 h of incubation at 50 ◦C.
Cultivation method Carbon source Endoglucanase -glucosidase Xylanase
RA (%) t1/2 (min) RA (%) t1/2 (min) RA (%) t1/2 (min)
SSF SEB – – – – – –
SEBw 80 – 100 – 11 59
LHWB  90 – 100 – 26 76
SmF SEB 0 156 2 249 0 57
SEBw 90 – 75 – 50 –
LHWB  75 – 8 533 34 908
SF SEB 19 113 3 321 0 56
SEB 95 – 90 – 50 –
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ote: It was not possible to estimate the half-lives of the enzymatic extracts that sh
xploded bagasse (SEB) was used (Table 3). This can be explained
y the smaller amounts of solid materials used in these procedures,
ogether with the dilution effect of the liquid medium required
or submerged cultivation. In the case of the liquid cultivation
ystems, the use of SEB resulted in higher -glucosidase produc-
ion, compared to the use of SEBw or LHWB. This could have
een related to the release of residual sugars from SEB during the
ultivation, which assisted the growth and development of the
ungus.
It was found here that the type of pretreatment (steam explosion
r liquid hot water) of the sugarcane bagasse used as inducer for
hemi) cellulolytic enzyme production did not signiﬁcantly inﬂu-
nce the amounts of endoglucanase, -glucosidase, and xylanase
n the ﬁnal extracts, because the substrates had been thoroughly
ashed before use. As mentioned before, the use of unwashed
xploded bagasse (SEB) did not enable the growth of A. niger, when
ultivated under SSF. This indicated that the main reason for dif-
erences between these pretreated biomasses used as inducers
or enzyme production was related to the presence of inhibitory
ompounds generated after the pretreatments, and that a lesser
nﬂuence was related to the characteristics of the ﬁbers themselves.
odriguez-Zuniga et al. [11] studied the production of (hemi) cel-
ulolytic enzymes under SSF using different types of pretreated
ugarcane bagasse, and found that liquid hot water-pretreated
agasse gave the highest enzymatic activities (750 IU/L for endoglu-
anase and 1300 IU/L for xylanase). They also found that the other
retreatment methods evaluated (acid, alkaline, and combined)
esulted in enzymatic productivities that were even lower than for
he untreated bagasse. The authors suggested that the greater cellu-
ase synthesis obtained using liquid hot water-pretreated bagasse
as due to less generation of inhibitors and toxic waste products,
ompared to the other pretreatments tested.
Previous studies of lignocellulosic biomass hydrolysis have indi-
ated that washing and ﬁltration of liquid hot water-pretreated
iomass can improve the enzymatic digestibility of cellulose
y removing inhibitors [25]. Ximenes et al. [23] reported that
nhibitors should be removed during hydrolysis in order to max-
mize enzyme activity. The present ﬁndings show that it is also
ossible to avoid the release of inhibitory compounds during the
ungal cultivation process by including a washing step after the
ugarcane bagasse pretreatment.
In addition to identifying cultivation conditions that enable efﬁ-
ient production of high titers of enzymes, it is also essential that
he enzymes are thermostable, because they are usually employed
t around 50 ◦C in reactions that can last 24 h or longer (as in the
ase of (hemi) cellulolytic enzymes used in the biomass conversion
rocess). A comparative analysis of production efﬁciency versus the
hermostability of the enzymatic cocktails obtained under the dif-
erent cultivation systems was therefore performed, as described
elow.0.5 144 0 450
 residual activity ≥50%.
3.2. Inﬂuence of the type of cultivation system on enzyme
thermostability
Evaluation was  made of the inﬂuence of the cultivation method
(SSF, SmF, or SF) and the type of pretreated sugarcane bagasse (SEB,
SEBw, or LHWB) employed as carbon source and inducer on the
thermostability of the endoglucanase, -glucosidase, and xylanase
enzymes. An incubation period of 24 h at 50 ◦C was  used and deter-
minations were made of the residual activities (RA) and half-lives
(t1/2) of the enzymes (Table 4). The initial values of enzymatic activ-
ity used for determination of RA are the ones presented in Table 1.
The half-life of an enzyme is the time after which the activity has
decreased to 50% of the original activity, at a given temperature.
Here, the model proposed by Sadana and Henley [35] was used to ﬁt
the experimental data, and the enzyme half-lives were then calcu-
lated according to [37]. It can be seen from the data given in Table 4
that some of the cultivation systems produced enzymatic extracts
that were highly stable at 50 ◦C during the 24 h period. For these
extracts, it was not possible to estimate the half-life, so the residual
activity (RA) remaining after 24 h was used for comparative pur-
poses. Figs. 3–5 illustrate the differences observed for each enzyme
regarding their thermostability along the time, in respect to the
different cultivation system used to produce it, as the information
regarding the kinetics of deactivation can be specially important
for the selection of a suitable process time for application of each
enzymatic cocktail.
It was  interesting to note that for the endoglucanase enzymes,
the conditions that resulted in highest production (SSF with SEBw,
followed by SSF with LHWB) also produced highly stable enzymes,
as can be seen in Fig. 3a. In the case of the endoglucanase
obtained from the liquid cultivation systems, an inverse relation
was observed between production and stability, since the liquid
system that resulted in higher production (SmF with SEB) also pro-
duced the least stable endoglucanase (Fig. 3b). A similar trend was
observed for endoglucanase from SF cultivation (Fig. 3c). A possible
explanation for this behavior of the endoglucanase from the liquid
cultivation systems lies in the relation with the phenolics concen-
tration (Table 3), because the higher stability of the endoglucanase
obtained using SEBw under SmF  and SF (Fig. 3b and c) was  associ-
ated with lower concentrations of phenolics in the ﬁnal extracts.
For the majority of the cultivation systems studied here,
an inverse relation between production and stability was also
observed for the -glucosidase enzymes. The conditions that
resulted in lowest production (SSF with LHWB, followed by SSF
with SEBw) also produced the most stable enzymes, as can be
seen in Fig. 4a. On the other hand, the conditions that resulted
in highest production (SmF with SEB) also produced one of the
least stable enzymes (Fig.4b). An interesting ﬁnding concerning
the production of the -glucosidase enzymes during SSF cultiva-
tion was obtained from comparative analysis of the stability data
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Fig. 3. Thermostability and residual enzymatic activity at 50 ◦C and pH 4.8 of
endoglucanase present in the (hemi) cellulolytic complexes produced by A. niger
after cultivation under (a) SSF, (b) SmF, and (c) SF, using different types of pre-
treated sugarcane bagasse (SEB, SEB , and LHWB). Results are presented as means.
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Fig. 4. Thermostability and residual enzymatic activity at 50 ◦C and pH 4.8 of -
glucosidase present in the (hemi) cellulolytic complex produced by A. niger after
cultivation under (a) SSF, (b) SmF, and (c) SF, using different types of pretreated sug-w
ll  standard deviations were ≤5%.
Table 4), the production data (Table 2), and the phenolics concen-
rations (Table 3). Although the production of -glucosidase was
ower under SSF, compared to the liquid cultivation systems (SmF
nd SF), the enzymes were much more stable, even at higher phe-
olics concentrations (Fig. 4a). Overall, these results highlight the
uch greater stability of endoglucanase and -glucosidase fromarcane bagasse (SEB, SEBw, and LHWB). Results are presented as means. All standard
deviations were ≤5%.
SSF, compared to the enzymes produced in the liquid cultivation
systems.
Xylanase appeared to be less thermostable, compared to
endoglucanase and -glucosidase. An inverse relation between
production and stability was also observed for xylanase, with the
condition that provided the highest production (SSF with SEBw)
resulting in one of the least stable enzymes (Fig. 5a). The xylanases
1708 V.M. Vasconcellos et al. / Process Biochemistry 50 (2015) 1701–1709
Fig. 5. Thermostability and residual enzymatic activity at 50 ◦C and pH 4.8 of
xylanase present in the (hemi) cellulolytic complex produced by A. niger after culti-
vation under (a) SSF, (b) SmF, and (c) SF, using different types of pretreated sugarcane
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Fig. 6. Electrophoresis proﬁle of the enzymatic extracts from A. niger cultivated
bioprocess engineering point of view in a condition that resemblesagasse (SEB, SEBw, and LHWB). Results are presented as means. All standard devi-
tions were ≤5%.
btained from the SmF  and SF liquid cultivations followed the same
rend (Fig. 5b and c, respectively).
A possible explanation for the different thermostability proﬁles
f the enzymes obtained from different cultivation systems may
e related to the different components of the medium in which
hese enzymes are present. Another possible explanation could be
elated to some different characteristics of the enzymes. In orderunder SSF, SmF, and SF using LHWB pretreated sugarcane bagasse as carbon source
and inducer.
to further investigate possible qualitative differences among the
enzymatic complexes, the protein proﬁle present in extracts from A.
niger when cultivated under the different cultivation methods (SSF,
SmF, and SF) using LHWB pretreated sugarcane bagasse was  eval-
uated by carrying out an SDS-PAGE electrophoresis assay (Fig. 6).
It can be clearly observed a different protein proﬁle for each cul-
tivation method, specially for the extract from the SSF. de Vries
and Visser [38] reported that there are variations in the molecular
mass for A. niger enzymes. For instance molecular mass for endoglu-
canase in the range of 25–43 kDa, for -glucosidase from 49 to 325
kDa and for xylanase from 13 to 33 kDa have been reported [38].
Therefore, this result indicates that the different thermostability
achieved here for the enzymes from the different cultivation sys-
tem could be also related to different physical properties of these
enzymes.
An important ﬁnding from these results is that selection and
optimization of cultivation conditions should be accompanied by
characterization of the thermostability of the enzymes, because
there can be an inverse relation between these two  process crite-
ria. It could also be concluded from this set of experiments that the
cellulolytic enzymes obtained using SSF were more thermostable,
compared to the enzymes from liquid cultivations, and that their
thermostability was less inﬂuenced by the phenolics present in the
medium. Therefore, as a selection criteria, an enzymatic extract that
presents a higher overall enzymatic thermostability, such as the
one obtained using SSF would be preferred.
It has been previously reported in the literature that ther-
mostable enzymes have several potential advantages in the
hydrolysis of lignocellulosic materials, including higher speciﬁc
activity (decreasing the amounts of enzymes needed), greater
stability (allowing prolonged hydrolysis times), and increased ﬂex-
ibility of process conﬁgurations [6]. Since the focus of the present
work was to evaluate the thermostability of the enzymes from amore closely its actual use in the biomass sacchariﬁcation process,
the environment in which the enzymes are present (with other
enzymes and medium compounds) has been preserved by using
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he crude enzymatic extract. Therefore, an additional important
haracteristic of (hemi) cellulolytic enzymes is that they should
e stable in the presence of the phenolic compounds that can
ause enzyme inhibition and deactivation [23,24]. Previous studies
ave reported differences in the characteristics of enzymes pro-
uced using SSF and SmF, in terms of optimal pH and temperature,
hermal stability, kinetic parameters, and size [39,40]. The present
ork adds to this knowledge by demonstrating that the endoglu-
anases and -glucosidases produced under SSF were less prone to
eactivation by the phenolics in the medium, since greater ther-
ostability was observed in the presence of higher concentrations
f these compounds. Therefore, the results support the potential of
SF cultivation for production of the (hemi) cellulolytic enzymes
eeded for biomass conversion.
. Conclusions
The high cost of the (hemi) cellulolytic enzymes required for
iomass conversion is still the greatest restriction on the large-scale
roduction of biofuels. In terms of process economics, in addition to
dentifying cultivation conditions that provide high enzyme titers,
t is also essential that the enzymes should be thermostable. It has
een shown here that improved enzyme production requires the
doption of process strategies for the removal of inhibitors from
he pretreated biomass employed in the cultivation medium, due
o the inhibitory effects of phenolic compounds on fungal growth.
he ﬁndings also revealed that the thermostability of endoglu-
anases and -glucosidases produced under SSF was  less affected
y the phenolics in the medium. Overall, it could be concluded that
election and optimization of cultivation conditions should be con-
ucted in conjunction with characterization of the thermostability
f the enzymes, because there can be an inverse relation between
hese two process criteria.
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